Abstract -The use of transition-metal catalysts has revolutionalized the synthetic strategies of organic chemistry; however, it has been only recently that these reagents have been applied in the inorganic area. Our work is described which has demonstrated that such reagents can be used to catalyze or promote a variety of transformations involving polyhedral boranes and carboranes, including: borane-acetylene addition, acetylene-borane insertion, borane-olefin coupling, dehydrocoupling, dehydrocondensation and cage-growth reactions. Selected examples which illustrate the scope and possible mechanisms of these reactions are discussed.
INTRODUCTION
One of the major problems in polyhedral boron cage chemistry has been the lack of general synthetic routes for the construction of larger cage systems. This limitation has both hampered the potential commercial applications of these types of compounds and seriously retarded further exploratory research in the area. Our work is attempting to address this problem by examining the use of transition metal reagents, similar to those widely employed in organic and organometallic chemistry, to induce high yield, selective transformations in polyhedral boranes and carboranes.
Transition-metal reagents are widely used in organic chemistry to catalyze or promote a variety of transformations which may have parallels in polyhedral borane chemistry. Some Generation of Reactive Fragements
It should be noted, however, that while there may indeed be close analogies between metal-promoted organic and boron hydride reactions, there are also significant differences. For example, a typical C-H bond energy is substantially greater than that for an analogous B-H bond. This difference generally means that metal-catalyzed reactions involving boron hydrides occur under much milder conditions than the analogous organic systems. Likewise, polyhedral boranes are both more reactive (particularly toward basic ligands) and have sites of different reactivity in the same molecule, leading to more complex (and as a result more intriguing) reaction mechanisms and selectivities.
As a result of our work we have now developed six separate classes of transition metal promoted polyhedral borane reactions which are described, with selected examples, in the following sections. Only basally-substituted alkenyl-pentaborane products are produced in these reactions, suggesting that oxidative-addition reactions of pentaborane occur only at basal B-H units.
This conclusion is further supported by the report (ref. 4 ) that pentaborane(9) will oxidatively add to trans-Ir(CO)Cl(PMe3)2 to yield the stable metalloborane complex 2-fIrH(CO)Cl(PMe3)J2-B5H8.
Since alkenylpentaboranes had been proposed to be possible intermediates in thermally induced carborane formation reactions, it was expected that these compounds could be readily converted into carboranes. We then demonstrated (ref. 1, 2) that the thermolysis of these alkenylpentaboranes, under relatively mild conditions, resulted in high yield selective conversions to monocarbon carborane species based on the nido-2-CB5H9 cage system. For example, pyrolysis of 2-(cis-2-but-2-enyl)-pentaborane(9) was found to give the two alkyl-substituted isomers shown below in 85% yield.
The major products observed in the thermolytic reactions are consistent with the reaction mechanism originally proposed (ref. 5, 6 ) by Williams to account for the formation of 2-0B3H9 alkyl derivatives as minor products in the thermal reaction (215°C) of alkynes with pentaborane(9). A plausible reaction sequence based on this mechanism which allows the conversion of the alkenylpentaborane(9) compounds to the observed monocarbon carboranes is depicted in Fig. 2 . The first step can be envisioned as an internal hydroboration of the alkenyl substituent by an adjacent B-H group (boron positions 1 or 3) with the boron adding to the cc-carbon and the hydrogen to the P-carbon. Thus, the cc-carbon is incorporated into the cage while the fl-carbon becomes part of an alkyl group which migrates to adjacent boron positions 1 or 3. Alkyl migration from the apical boron can then occur to generate either the 3-or 4-substituted products.
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The results obtained for these complexes suggest that the reaction mechanism is similar to those previously proposed for the analogous hydrogenation reactions of these catalysts. Thus in the case of Ir(CO)Cl[P(C6H5)312, this would involve substitution of a triphenyiphosphine ligand by an acetylene, followed by oxidative-addition at the metal of one of the basal B-H units of pentaborane(9). Subsequent insertions of the alkyne into the Ir-H and fr-B bonds, followed by reductive elimination would give the alkenylborane products and regeneration of the catalytic species. The mechanism outlined above is also strongly supported by the results from the thermolytic reactions of the two isomeric propenylpentaboranes indicated below. Thus, if this mechanism is correct, then upon thermolysis these compounds should yield different carborane isomers.
The isomer with an a-methyl group should form carboranes which are substituted with methyl groups at the carbon and either the 3 or 4 borons, while the a-isomer should give only boron-substituted ethyl derivatives. In both cases monocarbon carborane products are obtained in good yields with the major products consistent with these predictions.
(4)
The initial work described above was very important since it demonstrated not only that transition metals could be used to catalyze reactions involving boron hydrides, but also that such reactions could lead to high yield, selective transformations. Furthermore, because of the mild conditions employed in these reactions, it is possible to isolate and study compounds which may be intermediates in thermally induced reactions and thus gain new insights into the mechanisms of such reactions.
These acetylene-addition catalysts have now been applied to the synthesis of a variety of alkenyl-boron compounds including for example, alkenyl-carboranes (ref. 2-(trans-1-buteny1)-B3H8
The product was obtained in good yields with over 130 catalyst turnovers in four hours. The reaction has not yet been optimized, but this turnover rate is already substantially higher than those observed with previous catalysts.
We had also previously found that while catalysts such as Ir(C0)Cl(PPh3)2 and H2 02002(00)6 activated small boranes and carboranes, they were ineffective toward important larger cage systems such as ortho-carborane and decaborane (14) . We have now found in other recent work that Cp*Ir complexes are highly reactive toward these larger clusters. The products are exclusively boron-substituted and the yields and turnover rate for the reaction appear excellent.
OLEFIN-BORANE COUPLING
The metal-catalyzed syntheses of alkenylpentaboranes described above each employ acetylenes as starting materials which could result in a number of serious practical and safety problems if these reactions were carried out on larger scales. In an effort to circumvent this problem, we investigated metal-promoted reactions of olefins with boron hydrides. Of particular interest as potential catalysts were Pd(II) salts since such compounds have been widely employed in organic chemistry (ref. 13 ) to promote arene-olefin coupling reactions yielding vinyl-arene compounds.
We have found (ref. 14) that pentaborane(9) undergoes an analogous borane-olefin coupling reaction with various olefins, including ethylene, propylene and 1-butene, in the presence of catalytic amounts of palladium(II) dibromide, to give excellent yields of alkenylpentaboranes under mild conditions.
For example, the reaction of pentaborane(9) with propylene in the presence of palladium bromide at 0C was found to give an 87% yield of propenylpentaboranes, as indicated below: Of particular importance is the fact that the reaction is observed to be catalytic with respect to the palladium bromide (7.6 equivalents of propenylpentaboranes/equiv. HSiEt3 + H2C=CRH ta1'st Et3SiC(H)=CRH ÷ Et3S1CH2CH2R + CH3CH2R (17) Both thermal and photocatalysts are known and it has been found that the ratio of the vinyl to saturated products are highly dependent on the particular olefin, catalyst and reaction conditions.
We have recently begun to investigate the use of these known dehydrosilylation catalysts to promote dehydro-alkyne insertion reactions with the goal of obtaining general routes to two, four or higher carbon content carboranes. Initial studies (ref. 24 ) with Ru3 (00) 2 have demonstrated the catalytic high yield reaction of alkynes with the 2,3-Et2C2B4H6 cage system, according to the reaction:
Other recent studies in our laboratory have shown that both the cluster, Ru3 (CO)9(PPh3 ),, and the monometallic complex Ru(CO)3(PPh3)2 also catalyze the reactions of Et3C2B4H6 with internal alkynes, but in each case give >98% selectivity for alkyne insertions.
Et2C2B4H6 + 2 }lCCR Ru(C0)3(PPh3)2) Et2R2C4B4H4 + 2-butene (19) These observations strongly support the proposed similarity of dehydrosilylation reactions and dehydro-alkyne insertion reactions. While the exact mechanism of these reactions has not yet been established, a reasonable reaction sequence based on those proposed for dehydrosilylation reactions is outlined below: Thus, key steps in the above mechanism are oxidative-addition of the carborane to the metal site, insertion of a bound acetylene into a metal-boron bond, transfer of two carborane hydrogens to an additional acetylene, and reductive-elimination of products. We have proposed a similar mechanistic sequence for the palladium bromide catalyzed borane-olefin coupling reaction discussed earlier.
These initial studies clearly indicate that dehydrosilylation catalysts have excellent potential for use as alkyne insertion catalysts into polyhedral borane clusters and suggest that metal reagents may be able to promote two-carbon insertions into a variety of polyhedral boron cage systems leading to new routes to two, four, and perhaps, higher carbon carborane clusters.
DEHYDROCOUPLING
During the course of exploring other potential borane-olefin coupling catalysts, the reaction of pentaborane(9) with olefins and platinum dibromide was investigated. Surprisingly, the platinum salt did not promote borane-olefin coupling, but instead, catalyzed the dehydrocoupling reaction of pentaborane(9) to yield a coupled-cage product (ref. 25, 26) .
The reaction involves simply stirring liquid pentaborane(9) over PtBr2 powder in vacuo with periodic removal of evolved hydrogen and product. Nearly quantitative yields of 1:2' -[B5 H8]2 are obtained, and, although the reaction is slow (<1 catalyst-turnover/day), we have had reactions continuing for greater than one month with little decrease in rate. It is also significant that the reaction is highly selective in producing only one coupled-cage isomer. that the PtBr2 has a dual function in these reactions. However, the initial electrophilic substitution at the apex appears to be the key step in the pentaborane(9) reaction, since it was found that when the apex position was blocked with a methyl substituent, no reaction 
The facile formation of multicage systems is potentially of great significance in polyhedral borane chemistry since the procedures used for their syntheses provide new pathways to higher boron content materials which avoid the problems inherent in traditional thermally induced cage-growth reactions. Furthermore, if these multicage compounds could be converted to fused-cage boranes or carboranes, then this would represent an alternative to decaborane (14) based synthetic procedures for the formation of large-cage materials.
We have now found (ref. 27 ) that under suitable conditions 1:2' -[B5H8]2 will, in fact, undergo coupled-cage to single-cage fusions resulting in the production of a number of important larger cage systems (Fig. 6) .
These results indicate that a synthetic sequence involving the catalytic dehydrocondensation of a small borane or carborane followed by a multicage to single cage fusion reaction may be a viable new route to larger-cage systems. We are now investigating further extensions of this synthetic methodology. ._:!:4r1
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The isolation of the above compounds suggest that the use of transition metal catalysts not only have the potential for the development of more efficient cage-growth reactions, but may also allow, because of the mild reaction conditions employed, the isolation of many previously unobserved condensation products which may be intermediates in polyhedral expansions. Indeed, one of the most important points raised by these results is that intermolecular dehydrocoupling and dehydrocondensation reactions may play a more signficant role in thermally-induced cage growth reactions than previously assumed.
CONCLUDING REMARKS
The use of transition metal reagents to catalyze reactions involving polyhedral boranes and carboranes is an area in its initial stages of investigation. However, it is clear from both our work and that emanating from other laboratories that this synthetic approach has great potential for the development of high yield, selective reaction schemes.
Future work will continue to examine the scope of the few reactions which are presently known, along with exploratory investigations of new types of catalytic processes. In addition, the systematic development of borane catalysis will now also require, as was the case in organic catalysis, more detailed mechanistic studies so that the basic reaction steps and catalyst properties can be better understood and refined.
